A molybdenum/silicon multilayer-coated 1:1 ring-field optic with a numerical aperture of 0.0835 is used to carry out soft-x-ray projection imaging with undulator radiation at 12.9 nm. An ideal optic of this type should be able to image 0.1-,um features with a contrast exceeding 90% at this wavelength. The useful resolution of our ring-field optic is experimentally found to be approximately 0.2 pLm, probably because of the presence of substrate figuring errors.
Introduction
Soft-x-ray projection imaging at or near the diffraction limit has recently been demonstrated with multilayer-coated Schwarzschild optics. 1 -3 Unfortunately, a Schwarzschild optic possesses a central obscuration and a small image field and hence is not a practical camera. On the other hand, the total substrate area used for imaging is very small (1 cm 2 ) and the surfaces are spherical, so the requirements on mirror fabrication and alignment are not overly stringent.
In order to image larger fields and gain experience with a more complicated optical system, we have modified a 1:1 Offner ring-field optic 4 for use in the soft-x-ray region. Specifically, the spherical surfaces were provided with Mo/Si multilayer coatings optimized for maximum normal-incidence reflection at 12.9 nm and the numerical aperture (NA) of the system was set to 0.0835. This NA was previously shown to produce the best compromise between diffraction-limited resolution and low aberrations. 5 The modified optic images 0.15-pm (and larger) features by the use of coherent illumination and 0.2-um (and larger) features at high fidelity by the use of partially coherent illumination. The observed resolution is approximately two to three times worse than the diffraction-limited case, probably because of the presence of substrate figuring errors. The Offner ring-field optic does not allow for the possibility of reduction imaging, and its arc-shaped image field is quite small. On the other hand, when operated in a scanning mode, this optical system has been used in a practical projection printer at visible wavelengths. 6 In previous work we studied the imaging performance of this optic at a 40.0-nm wavelength and a 0.135 NA, but found that resist absorption problems at this wavelength severely limited its performance. 7 The schematic layout of our soft-x-ray imaging system is shown in Fig. 1 . The imaging system is an Offner ring-field optic from a Perkin-Elmer Model 300 Micralign Projection Printer, the reflecting surfaces of which have been coated with Mo/Si multilayers designed to give maximum reflectance at 12.9 nm. It consists of a large concave primary mirror coaxial with a smaller convex secondary mirror. With this optic an off-axis point is imaged at unity magnification after three reflections to the opposite off-axis point. The distance between the primary and the secondary mirrors is adjusted so that the 100-pRmwide (for 0.1-pRm features) annular ring of good aberration correction lies at 53-mm radius.
In Fig. 1 , soft-x-ray radiation, which is incident from the left, first enters a two-mirror rotator device. The first mirror of the rotator reflects radiation away from the axis and onto the second rotator mirror. The second mirror reflects radiation back onto the axis of the rotator at the point where a mask is located. Since the rotator axis coincides with the axis of the light beam, the mask is illuminated from directions defined by the surface of a cone, and the pupil of the imaging system, located at the secondary mirror, is illuminated with a thin annulus. Since the radius of this annulus is set to approximately 41% of the radius of the stop, this experimental arrangement results in partially coherent illumination with a sigma value of approximately 0.4.
In an attempt to understand the effect of annular illumination on imagery, we have calculated the two-dimensional aerial images produced by annular illumination, using an optical image simulation program associated with Berkeley's lithography simulator program, simulation and modeling of profiles in lithography and etching (SAMPLE). The program we used is called SPLAT 8 line and space gratings with different periods produced by a diffraction-limited 0.0835 NA system (no aberrations) illuminated at 13 nm. The triangles correspond to the case of a uniform disk of illumination centered in the pupil (S = 0.42). The squares correspond to the case of annular illumination of the pupil in which the outer radius of the annulus is 0.42 and the inner radius is 0.4196. The annulus is taken to be so thin because the ring-field optic focuses objects that lie far away, such as the soft-x-ray source that is located 14 m away, onto the pupil. The data in Fig. 2 show that annular illumination provides a good approximation to partially coherent illumination.
The image contrast for annular illumination is slightly lower than that for a uniformly filled disk for spatial frequencies below the coherent cutoff ( 6500 cycles/mm). This is because an annular source is located closer to the edge of the pupil than a disk source is. The contrast for annular illumination drops to 90% above the spatial frequency corresponding to the loss of one of the two diffraction orders (-3000 cycles/mm). On the other hand, the image contrast for an annular source is slightly higher than that for a disk source for spatial frequencies above the coherent cutoff.
Experimental Arrangement
The illumination source for our imaging experiment was the third harmonic of the U13 undulator at the Brookhaven vacuum ultraviolet storage ring. This source provides a highly collimated beam of narrowband soft-x-ray radiation that can be tuned in wavelength by changing the magnet gap. A calculation of the flux from this source passing through a 2-mmdiameter aperture (the conductance limiter) at a distance of 13 m is shown in Fig. 3 .
The experimental arrangement for soft-x-ray imaging with the ring-field optic is shown in Fig. 4 . The undulator source is 12 m from the first optical component, a 7.5° grazing incidence, water-cooled Si mirror that deflects the soft-x-ray radiation out of the path of the high-energy gamma rays from the storage ring, which are absorbed in a lead shield. The soft-x-ray beam is filtered with a 7000-A-thick silicon membrane and then passes through a conduction limiter (a 2-mm-internal-diameter tube, 25-cm long) that separates the 10-6 -Torr vacuum of the experiment from the ultrahigh vacuum of the beam line. Following the conduction limiter is the two-mirror rotator device (described above) that results in partially coherent annular illumination. The soft-x-ray radiation then falls onto a reflection mask that is inclined at 80 to the focal plane to permit the reflected radiation to enter the optic. To maintain the symmetry of the imaging system, the resist-coated wafer is also inclined at 8. The reflection mask and resistcoated wafer (5-cm-diameter Si wafers) are mounted vertically against three balls that are located in the focal plane of the optic. The balls can be independently adjusted with respect to their distance from the imaging mirrors with an accuracy of better than 0.1 lm. Although the ring-field optic lends itself to scanning mask and wafer in order to increase the exposed area, such a scannning device was not incorporated in this early set of experiments. Both mask and wafer can be retrieved by load locks without having to vent the entire camera.
The two dark-field reflection masks used in these imaging experiments consisted of a Mo/Si multilayer reflector overcoated with a patterned Ge absorber. We fabricated the masks by coating the multilayer with a 3000-A-thick layer of hard-baked photoresist and a 1000-A-thick layer of evaporated Ge, patterning the Ge layer by e-beam lithography and then etching through the Ge and resist layers with reactive ion etching to expose the multilayer mirror. The total patterned area of the masks was 1 cm 2 and consisted mainly of coarse features (vertical lines, small squares, and rosette crosses) used to aid in locating the annular ring of good aberration correction.
Several patterns containing much finer detail were written in a vertical column at the center of the mask. Close-up views of two of the high-resolution patterns located at the center of one of the reflection masks are shown in Fig. 5 . A scanning electron microscopy (SEM) micrograph of one of these patterns, a resolution chart comprising vertical and horizontal lines and spaces ranging from 1 to 0.1 [um, is shown in Fig.  5(a) . In this mask, the 0.2-, 0.15-, and 0.1-Rtm line and space patterns were fabricated with links between adjacent absorber lines to strengthen and stabilize the absorber pattern. In the other mask, no such links were included. A SEM micrograph of the second high-resolution pattern, the gate level of a ring oscillator circuit, is shown in Fig. 5(b) . The gate sizes are 0.25 pm.
We were unable to characterize the Mo/Si multilayer reflective coatings completely before their use because we do not yet have an instrument that can manipulate and measure the large 10-in.-(250-mm-) diameter primary mirror in vacuum. We were therefore able to characterize completely only the small secondary mirror, which was coated with 40 Mo/Si bilayers with a 2-d spacing of 137 A. The measured peak reflectance of this mirror at 12.9 nm is 55%. We determined the uniformity of the coating on this mirror, shown in Fig. 6 , by measuring the multilayer d spacing at various radial positions on the mirror. The measured uniformity over the 30-mm-diameter used aperture is 0.44%. Since the uniformity specification for this mirror was 1%, it is expected to function as a good imaging mirror. Unfortunately, the throughput of the ring-field imaging system as measured with an Al diode was only 2%, i.e., approximately a factor of 10 lower than expected (0.553 = 17%). Since the measured reflectivity of the secondary mirror was 55%, the reflectivity of the large primary mirror must have been no higher than 20%. Clearly more work must be devoted to the multilayer coating of large-area substrates.
Soft-X-Ray Imaging
Unity magnification images of the reflection masks produced by the ring-field optic were recorded on Si wafers coated with a 60-nm-thick layer of the negative, chemically amplified resist, RAY-PN. 9 Immediately after soft-x-ray exposure, the resistcoated wafers received a 5-min 105 TC bake to drive forward the acid-catalyzed cross-linking reaction. The wafers were then immersion developed in 0.3-normality AZ developer for 90 s and rinsed in deionized water.
A. Coherent Illumination
The SEM micrograph of the image in RAY-PN shown in Fig. 7(a) was obtained with the two-mirror rotator device stopped. In other words, soft-x-ray radiation was incident upon the reflection mask from only one direction. This corresponds to coherent illumination (S = 0.0004) and is similar to what was used to illuminate a multilayer-coated Schwarzschild optic in our previous work. 2 The exposure time was 110 s. The SEM micrograph shown in Fig. 7(a) is a reasonable image of a portion of the resolution test chart. The 0.15-jim lines and spaces are clearly present. However, some variation in dose over the area illuminated is also present. This can be seen most clearly as variations in the thickness of the lines. For example, the 0.25-jim line and space pattern has a low dose to the left-hand side of the middle of the pattern; the 0.4-jim line and space pattern has a high dose at the top right-hand corner of the pattern. We attribute these intensity nonuniformities to speckle that is similar to the speckle that is observed when lasers illuminate objects that are not perfectly smooth.
When the rotator is rocked to and fro by only a very slight amount (±2°), speckle can be reduced and the evenness of the illumination can be improved. The resist image shown in Fig. 7(b) was produced under the same experimental conditions as the resist image shown in Fig. 7(a) except for the addition of this slight rotator motion. The lines and spaces are now more evenly illuminated; the underdosed area of the 0.25-jim line and space pattern in Fig. 7(a) is seen in Fig. 7(b) to be more uniformly dosed. The experimental conditions used to produce Fig.  7 (c) were the same as those used to produce Fig. 7(b) except that the undulator beam was directed into the system from a slightly different direction, and the mask containing the links between adjacent lines [shown in Fig. 5(a) ] was used. Yet the resist image shown in Fig. 7(c) is clearly worse than the one shown in Fig. 7(b) . This can be seen most easily in the images of the numbers, which are barely recognizable in Fig. 7(c) . Because of the different illumination direction, each rotator position uses a different part of the reflecting surface to produce the image. The dramatic difference in image quality seen in Figs. 7(b) and 7(c) shows that there are good and bad imaging areas of the optic and strongly suggests that the spherical surfaces contain significant figuring errors.
B. Partially Coherent Illumination
The resist image shown in Fig. 8 was obtained with the two-mirror rotator continuously revolving so that throughout the course of the 110-s resist exposure the reflection mask is being illuminated from a variety of different directions. As was shown in Fig.  2 , this type of illumination closely approximates partially coherent illumination with S = 0.42. The image of the resolution test chart shown in Fig. 8 has much higher fidelity than the image shown in Fig.  7(a) , but its resolution is lower. This can be seen in the evenness of the printing. Notice, however, that the 0.15-jim line and space pattern is absent and that the 0.2-jim line and space pattern is only lightly printed. Since the image obtained with the rotator on is an average over both the good and the bad areas of the imaging mirrors, it is not surprising that the resolution with the rotator continuously rotating is worse. The crosshatching of the 0.2-jim line and space pattern in Fig. 8 is caused by the subresolution links between adjacent lines on the reflection mask discussed above. Another example of the images produced by the ring-field optic by the use of coherent and partially coherent illumination is shown in Fig. 9 . A close-up view of the gates of the ring oscillator circuit on the reflection mask [see Fig. 5(b) ] is shown in Fig. 9(a) . The images of these gates in RAY-PN produced by the use of nearly coherent illumination (rotator rocking
±20)
is shown in Fig. 9(b) . The images are dominated by ringing, one of the most important reasons that coherent illumination is not normally used in lithography. The images of the gates in RAY-PN produced by the use of partially coherent illumination (rotator continuously revolving) are shown in Fig.  9(c) . The ringing has now been almost completely eliminated, and the image bears a reasonable resemblance to the gate pattern on the mask.
Two final examples of the images produced by the ring-field optic by use of partially coherent illumination are shown in Fig. 10 . A number of other patterns are present on the reflection mask, and, although they are located as much as 0.5 mm away from the annular ring of good imaging, because they are made up mainly of coarse features they are faithfully imaged. The image of one of the rosette cross test patterns used to locate the ring of good aberration correction is shown in Fig. 10(a) . The rounded corners apparent in the image are present on the mask. Reasonably faithful images of 1-, 3-, 5-, and 10-jim-wide vertical lines and 2.5-jim squares are shown in Fig. 10(b) .
Carbon Contamination
The SEM micrograph shown in Fig. 11 is a wide area view of the reflection mask after 2 h of exposure to the soft-x-ray flux. The soft-x-ray beam leaves behind a footprint defined by the spatial extent of the few-hundred-angstrom-thick film of C resulting from the cracking of residual hydrocarbons in the vacuum system. We actually operate the mask in a high local pressure of 02 (10-3 Torr) in an attempt to reduce this C contamination problem. Our base vacuum is not true ultrahigh vacuum, and we have a residual hydrocarbon partial pressure in the 10-9 -Torr range. Obviously this is not sufficiently low. A practical imaging system will need to be cleaner, or an in-situ cleaning scheme will be required.
Conclusion and Suggestions for Future Work
In summary, we have demonstrated that a Mo/Si multilayer-coated ring-field optic will image 0.15-jim features with coherent illumination. It will image 0.2-jim features at high fidelity with partially coherent illumination. The imaging performance is approximately two to three times worse than the diffraction-limited case and corresponds to figure errors of the order of 30-40 A. We have found that there are good and bad areas of the optic, opening up the possibility of masking off areas on the mirrors to improve the imagery. The system throughput is low (2%), indicating a need for more work on multilayer coating and characterization. Multilayer-coated reflection masks appear to be a practicable option in that no gross variation in reflectivity over the used area of the mask (1 cm 2 ) was observed. C contamination of the mask and optics is a serious problem.
In the future, we propose to rebuild this imaging system with higher-quality substrates in order to demonstrate that large area optics can image near the diffraction limit. In addition, we plan to develop the alignment and registration techniques that will be necessary for projection lithography with 1/10-jim resolution.
